Dnmt1-Independent CG Methylation Contributes to Nucleosome Positioning in Diverse Eukaryotes  by Huff, Jason T. & Zilberman, Daniel
Dnmt1-Independent CG Methylation
Contributes to Nucleosome Positioning
in Diverse Eukaryotes
Jason T. Huff1 and Daniel Zilberman1,*
1Department of Plant and Microbial Biology, University of California, Berkeley, Berkeley, CA 94720, USA
*Correspondence: danielz@berkeley.edu
http://dx.doi.org/10.1016/j.cell.2014.01.029SUMMARY
Dnmt1 epigenetically propagates symmetrical CG
methylation in many eukaryotes. Their genomes are
typically depleted of CG dinucleotides because of
imperfect repair of deaminated methylcytosines.
Here, we extensively survey diverse species lacking
Dnmt1 and show that, surprisingly, symmetrical
CG methylation is nonetheless frequently present
and catalyzed by a different DNA methyltransferase
family, Dnmt5. Numerous Dnmt5-containing organ-
ismsthatdivergedmore thanabillionyearsagoexhibit
clustered methylation, specifically in nucleosome
linkers. Clustered methylation occurs at unprece-
dented densities and directly disfavors nucleosomes,
contributing to nucleosomepositioning between clus-
ters. Dense methylation is enabled by a regime of
genomic sequence evolution that enriches CG dinu-
cleotides and drives the highest CG frequencies
known. Species with linker methylation have small,
transcriptionally active nuclei that approach the phys-
ical limits of chromatin compaction. These features
constitute a previously unappreciated genome archi-
tecture, in which dense methylation influences nucle-
osome positions, likely facilitating nuclear processes
under extreme spatial constraints.INTRODUCTION
Methylation of carbon at the fifth position (C5) of cytosine is a
feature of diverse eukaryotic genomes. In most studied species,
Dnmt1 propagates epigenetic information stored in symmetrical
methylation of double-stranded 50-CG-30 sites by copying
methylation after DNA replication with the help of Uhrf1 (Law
and Jacobsen, 2010). Methylation by chromomethylases in
plants and green algae occurs at 50-CNG-30 sites (treated as
50-CHG-30, where H is A, C, or T, to disambiguate sites from
overlapping CG, i.e., 50-CGG-30) (Feng et al., 2010; Law and
Jacobsen, 2010; Zemach et al., 2010). Other cytosine sequence
contexts (treated as 50-CHH-30 to disambiguate from overlap-
ping CG and CHG sites) can be methylated by Dnmt3 enzymes,1286 Cell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc.as well as other plant and fungal enzymes (Feng et al., 2010; Law
and Jacobsen, 2010; Zemach et al., 2010, 2013). There are also
other predicted families of C5 cytosine methyltransferases in
eukaryotes identified bioinformatically (e.g., Dnmt5) that have
not been functionally characterized (Iyer et al., 2011; Ponger
and Li, 2005).
DNA methyltransferases (and related proteins) are thought
to profoundly affect genome sequence evolution. They drive
cytosine hypermutability because of imperfect repair of sponta-
neously deaminated C5-methylated cytosines (and other muta-
tional effects), a process that depletes methylation target sites
and causes a substantial fraction of human diseases (Pfeifer,
2006;Walsh and Xu, 2006). Proteins related to DNAmethyltrans-
ferases (called RID, Masc1, or Dnmt4; Ponger and Li, 2005) also
mediate repeat-induced point mutation in some fungi, a process
that directly induces mutation of cytosines in repeated se-
quences, such as transposable elements (TEs) (Galagan and
Selker, 2004; Zemach and Zilberman, 2010).
Targeting of methyltransferases across a genome relies on
numerous factors, including transcriptional activity, histone
modification states, production of small RNAs, the action of
nucleosome remodelers, local sequence composition, and se-
quences that specifically bind to proteins (Huff and Zilberman,
2012; Jones, 2012; Law and Jacobsen, 2010; Schu¨beler, 2012;
Zemach et al., 2013). In addition, there could be a role for posi-
tioned nucleosomes in localizing DNA methylation, which is
not resolved in the published literature. Several studies demon-
strated that methyltransferase activity is generally reduced by
nucleosomes, apparently resulting in preferential methylation
of DNA outside or at the edges of nucleosome cores (Felle
et al., 2011; Gowher et al., 2005; Jiang et al., 2011; Kelly et al.,
2012; Okuwaki and Verreault, 2004; Robertson et al., 2004;
Takeshima et al., 2006, 2008), whereas another study instead
showed that genomic methylation is modestly enriched within
nucleosome core DNA (Chodavarapu et al., 2010). On the other
hand, several studies have suggested that methylated DNA has
effects on the positioning of nucleosomes (Collings et al., 2013;
Jimenez-Useche et al., 2013; Pennings et al., 2005; Pe´rez et al.,
2012), though biological functions for such effects have not been
clearly demonstrated.
Eukaryotic DNA methylation is perhaps best known for re-
pressing the transcription of TEs in many plants, fungi, and ver-
tebrates (Law and Jacobsen, 2010; Zemach and Zilberman,
2010). Generally, the transcription start sites of genes are kept
free of DNA methylation, presumably because not doing so
would interfere with transcription (Long et al., 2013; Zemach
and Zilberman, 2010), with important exceptions including regu-
lated silencing of some genes during organismal development
and inappropriate silencing of genes in cancer cells (Jones,
2012). In many plants and animals, methylation is also located
in the bodies of genes, where it can antagonize localization of
the histone variant H2A.Z (Coleman-Derr and Zilberman, 2012;
Zemach and Zilberman, 2010) and affect alternative splicing
(Lyko and Maleszka, 2011; Maunakea et al., 2013; Shukla
et al., 2011). However, whether TE or gene body methylation
is ancestral in eukaryotes has not been fully resolved because
of the sporadic distribution in extant species of these features.
Furthermore, aspects of genomic methylation targeting have
likely changed throughout eukaryotic diversification (Suzuki
and Bird, 2008; Zemach and Zilberman, 2010). To better assess
the mechanisms of methylating DNA in an evolutionary context,
we surveyed eukaryotic species from the most diverse lineages
available.
RESULTS
Dnmt1-Independent CGMethylation in Many Eukaryotic
Lineages
For species with sequenced, assembled genomes that each
encode at least one predicted methyltransferase (Figures 1A–
1C; Table S1 available online), we performed genome-wide
bisulfite sequencing to quantify C5-methylated cytosine levels
at single-base resolution and high coverage (representing
many individual cells). Surprisingly, this uncovered CG methyl-
ation in a variety of species that lack Dnmt1; all but one of these
species also lack Uhrf1 (Figures 1B–1D; Table S1). These diver-
gent marine algae, a photosynthetic assemblage responsible
for half of global primary production (Field et al., 1998), span
much of the eukaryotic tree and include the diatoms Phaeo-
dactylum tricornutum, Fragilariopsis cylindrus, and Thalassiosira
pseudonana, the pelagophyte Aureococcus anophagefferens,
the coccolithophore Emiliania huxleyi, and the prasinophyte
green algae Bathycoccus prasinos, Ostreococcus lucimarinus,
and Micromonas pusilla. This demonstrates that the Dnmt1/
Uhrf1 pathway is not strictly required for eukaryotic CG methyl-
ation and that Dnmt1-indpendent CG methylation is widespread
and likely ancient. Curiously, we also identified two types of
methylation in specific sequence contexts in the mitochondrial
genome of Aureococcus anophagefferens (Figure S1A) that
have not been previously reported in any eukaryote.
Dnmt5 Is a Symmetrical CG Methyltransferase in
Eukaryotes
To implicate a specific methyltransferase in catalyzing Dnmt1-
independent CG methylation, we compared the complement of
genes present in each genome (Figures 1A–1D). The species
have only one predicted DNA methyltransferase family in com-
mon, Dnmt5 (Ponger and Li, 2005) (Dnmt2 is a tRNAmethyltrans-
ferase [Goll et al., 2006]). The rhodophyte Cyanidioschyzon
merolae and the excavate pathogen Leishmania major both
lack Dnmt5 (and also Dnmt1) and do not exhibit CG-specific
methylation (Table S1). Each Dnmt5 protein contains a methyl-transferase domain that is far diverged from other families but
conserved between Dnmt5 homologs (Figure 1A). Dnmt5 has
a unique architecture, which includes a RING finger following
the methyltransferase domain and a long C-terminal region of
SNF2 family homology (Figure 1E). The SNF2 regions belong to
a larger family (Figure S1B), which includes known E3 ubiquitin
ligase/DNA-dependent ATPase proteins (Unk et al., 2010), sug-
gesting that Dnmt5 proteins are multifunctional enzymes.
To determine experimentally whether Dnmt5 mediates CG
methylation, we examined the opportunistically pathogenic
basidiomycete yeast Cryptococcus neoformans. This organism
is ideal because Dnmt5 is the only DNAmethyltransferase homo-
log present in its genome (Dnmt2 is also absent), and targeted
gene deletion is currently feasible, unlike in the algal species.
We found that Cryptococcus neoformans exhibits CG methyl-
ation, which is entirely lost in a strain with a deletion of the
DNMT5 gene (Figure 2A; Table S1), strongly implicating Dnmt5
as a CG-specific DNA methyltransferase. The alternative is
that another methyltransferase catalyzes CG methylation in
C. neoformans and utilizes Dnmt5 as a required accessory or
regulatory protein. This is a vanishingly remote possibility, espe-
cially because all known C5 cytosine methyltransferases belong
to a single superfamily (Iyer et al., 2011), of which Dnmt5 is
a member (Figure 1A). Also of note, loss of Dnmt5 causes
decreased C. neoformans infectivity in mice (Liu et al., 2008),
making it a potential target for pharmacological inhibition to
combat infection.
Observation of individual CG sites suggests that Dnmt5-asso-
ciated CG methylation is generally symmetrical (Figure S2A),
similar to that catalyzed by Dnmt1 (Law and Jacobsen, 2010).
However, genomes are patchworks of methylated and unmethy-
lated regions, so an analysis of all genomic CG sites would yield
many fully methylated and fully unmethylated sites, even if
methylation is not generally symmetrical. To overcome this issue,
we analyzed all pairs of immediately adjacent CG dinucleotides
(50-CGCG-30) that were neither fully methylated nor fully unme-
thylated. At these sites, correlations of methylation levels within
a given CG site are strongly positive, whereas those between
the internal cytosines of neighboring CG sites are strongly nega-
tive in all species with Dnmt5-associated CG methylation (Fig-
ure 2B). Therefore, across populations of cells, these informative
sites are almost exclusively composed of symmetrically methyl-
ated CG sites neighboring symmetrically unmethylated CG sites,
comparable to the symmetrical CG methylation catalyzed by a
Dnmt1 enzyme in Arabidopsis thaliana (Figure 2B).
Methylation of Nucleosomal Linker DNA in Diverse
Eukaryotic Groups
CG methylation in C. neoformans and diatoms is apparently
concentrated within TEs (Figures 2A and S2B). These TEs also
exhibit little to no RNA production, consistent with silencing
by methylation in these species (Figure S2B). However, the
genomes of A. anophagefferens, E. huxleyi, B. prasinos,
O. lucimarinus, andM. pusilla exhibit a methylation pattern unlike
that of any eukaryote previously described (Figures 3A, 3B, and
S3A). Methylation occurs in clusters that are regularly spaced in
the populations of cells with periodicities between 168 and
206 bp, depending on the organism (Figures 3C and S3B).Cell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc. 1287
Dnmt1
Dim-2
Cmt
Dnmt2
Dnmt3
Dnmt4
Dnmt5Dnmt6
100
100
92
59 79
100
49
53
00.511.52
Billions of years ago
Phaeodactylum tricornutum
Fragilariopsis cylindrus
Thalassiosira pseudonana
Aureococcus anophagefferens
Emiliania huxleyi
Bathycoccus prasinos
Ostreococcus lucimarinus
Micromonas pusilla
other Chlorophyta
Embryophyta
Fungi
Eumetazoa
Cm
t
D
im
-2
D
nm
t6
D
nm
t4
D
nm
t3
RING 1
ATPase
HELICASE
RING 2
B
E
C D
Mean fraction of genomic cytosines
methylated in a given context
D
nm
t5
CG
CHG
CHH
100 aa
**
0 0.2 0.4 0.6 0.8
Micromonas pusilla Dnmt5
SNF2-family homology
D
nm
t1
DNMT
Uh
rf1
D
nm
t2
A
Figure 1. Dnmt1-Independent CG Methylation Is Associated with Dnmt5 in Diverse Eukaryotes
(A) Predicted C5 cytosine methyltransferase domains from eukaryotes and bacteria were aligned and a maximum likelihood tree was inferred. The gray
branches are mostly bacterial sequences but also include several ‘‘orphan’’ sequences from eukaryotes for which homologous sequences from other
eukaryotic lineages were not apparent. Eukaryotic families are colored. The families we found are essentially equivalent to those identified using fewer
sequences (Ponger and Li, 2005), so we retained the previous naming scheme, which includes the Dnmt4, Dnmt5, and Dnmt6 families. Numbers indicate
percent bootstrap support for the nodes uniting each eukaryotic family. Divergent families, such as Dnmt2, Dnmt3, Dnmt4, and Dnmt6, have weak support
(49%–79% of bootstraps). The family groupings of Dnmt1, chromomethylase (Cmt), Dim-2, and Dnmt5 sequences are each strongly supported (92%–100%
of bootstraps).
(B) Divergent lineages leading to individual species profiled here are single branches. Groups of species are shown as collapsed nodes, which indicate earliest
divergence times for species previously profiled for genome-wide methylation (Feng et al., 2010; Zemach et al., 2010). B. prasinos andO. lucimarinus are shown
on the same branch because their divergence time has not been estimated.
(C) Predicted methyltransferases and Uhrf1 are indicated for each species or group in (B). Families are colored as in (A). In groups, presence is denoted for genes
found in at least one member species. The dashed box highlights general lack of Dnmt1 and Uhrf1, and the solid box highlights Dnmt5.
(legend continued on next page)
1288 Cell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc.
AB
Figure 2. Dnmt5 Mediates Symmetrical CG Methylation
(A) Fractional CG methylation is shown with Tukey’s running median
smoothing across chromosome 10. The positions of TEs are shown as black
vertical lines at the top. Further analyses of TEs are in Figure S2B. Data are
shown for wild-type genomic DNA prepared at ATCC (WT) and the DNMT5-
deleted strain we grew (dnmt5D). We also grew a control ‘‘wild-type’’ strain
(WT47, a deletion of the unrelated gene SXI1), constructed with the same
procedure as the strain with deletion ofDNMT5 (Liu et al., 2008), to ensure that
the absence of methylation in dnmt5D was not an artifact of the strain con-
struction process or growth conditions. This also allows assessment of the
reproducibility of our methylation data, which show strong quantitative simi-
larity (Pearson’s r = 0.90 for the unsmoothed whole-genome data). For com-
parison, the data for the two WT strains are not correlated with those for the
dnmt5D strain (Pearson’s r < 0.01 for both comparisons).
(B) We analyzed the symmetry of methylation at CGCG sites genome wide. To
remove from the analysis uninformative regions inwhich all of the cytosines are
either methylated or unmethylated, we selected the CGCG sites that contain at
least one cytosine with high (>85%) and onewith low (<15%)methylation in the
population of cells and with all cytosines having at least 10-fold sequencing
coverage. For these informative sites in each species, the first bar (blue) shows
the Pearson’s r of cytosines within CG sites and the second bar (orange) shows
the Pearson’s r of the internal cytosines between adjacent CG sites. High-
resolution examples of symmetrical methylation at CG sites are in Figure S2A.Almost every gene body is methylated, regardless of expression
levels (Figures 3B and S3C), suggesting that periodic methyl-
ation is a structural component of these genomes.
To discover periodic methylation in species without
sequenced genomes, we developed an assay that uses a
methylation-dependent endonuclease on purified DNA. We
used this assay to identify periodic methylation in Isochrysis(D) Mean methylation in each sequence context (darkest to lightest: CG, CHG,
species, each bar represents the mean of member species with the line showing t
does not generally fall into CHG and CHH categories (Zemach et al., 2010).
(E) Domains in a representative Dnmt5 protein. Scale bar, 100 amino acids (aa).
See also Figure S1 and Table S1.galbana and Imantonia rotunda, which belong to the same class
(Prymnesiophyceae) as E. huxleyi, as well as to confirm the
presence of periodic methylation in most of the species we
sequenced (Figure S4).
Given the similarity between known nucleosomal repeat
lengths and methylation periodicities described here (Figures
3C and S3B), we mapped nucleosomes to high coverage in
O. lucimarinus and M. pusilla by micrococcal nuclease (MNase)
digestion. The resultingmaps showwell-positioned nucleosomes
across these genomes (Figure 4). Despite the high G+C contents
in these algae (Palenik et al., 2007; Worden et al., 2009), nucleo-
somes are phased downstream of transcription start sites (Fig-
ures 4A and 4B), similar to previously studied A+T-rich genomes
(Chang et al., 2012; Struhl and Segal, 2013). Notably, linkers in
M. pusilla are typically 22 bp longer than those in O. lucimarinus
(Figures 4C and 4D), consistent with the presence of a gene for
linker histone H1 in M. pusilla, but not in O. lucimarinus (Worden
et al., 2009). A sequence-based algorithm for predicting nucleo-
somes (Kaplan et al., 2009) performs poorly in O. lucimarinus
and M. pusilla (orange trace in Figures 4B and 4C), suggesting
that factors beyond DNA sequence have a strong influence on
nucleosome positioning in these species.
Comparison of methylation and nucleosome data reveals that
periodic methylation in O. lucimarinus and M. pusilla is located
in the linkers between nucleosomes and is nearly completely
excluded from the DNA within nucleosome cores, except for
some base pairs near their edges (Figures 4A–4C). MNase diges-
tion of naked O. lucimarinus DNA instead shows preferential
depletion of unmethylated sequences (black trace in Figure 4C),
demonstrating that our results for in vivo nucleosome positions
are not compromised by inherent enzymatic biases. A single
amino acid difference in the methyltransferase domain of
Dnmt3 can influence its ability to methylate nucleosome cores
(Shen et al., 2010), so some of the amino acids found only in
Dnmt5 methyltransferase domains of species with linker methyl-
ation may analogously be responsible for linker specificity (Fig-
ure S5). Methylation apparently either begins in the first linkers
downstream of the transcription start sites or is missing from
the first one or two linkers, depending on the species (Figures
3A, 3B, 4A, 4B, and S3A). This indicates that addition (and/or
removal) of methylation is affected by factors beyond bulk nucle-
osome positions, such as the presence of histone variants and
modifications.
Linker Methylation Is Extremely Dense and Directly
Disfavors Nucleosomes
In many of the periodically methylated genomes, local densities
of methylated bases are unprecedented for eukaryotic DNA,
frequently with more than half of the base pairs containing meth-
ylated cytosines (Figure 5A). The CG methylation density is
somewhat lower in E. huxleyi, but there appears to be a compen-
sating mechanism: E. huxleyi has CHG methylation (Figures 1BCHH) is calculated for each species or group in (B). For groups with multiple
he range of underlying values for each species. *For Fungi, non-CGmethylation
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Figure 3. Genomes of Diverse Species Have Periodic Methylation in Gene Bodies, Regardless of Expression Levels
(A) A snapshot of genomic methylation is shown for A. anophagefferens (top) and E. huxleyi (bottom) with each gene model below.
(B) We assessed transcription by RNA sequencing (RNA-seq) of total RNA. For each organism, genes were binned into five equally sized groups (quintiles) based
on expression measured by fragments per kilobase of transcript per million mapped reads (FPKM). The mean methylation at each base pair position aligned to
transcription start sites of genes from different quintiles is shown (CG, blue; CHG, gold). Only data for the first (lowest, lightest color), third (middle, middle color),
and fifth (highest, darkest color) quintiles are shown for clarity. The average FPKM differences from the lowest to highest quintiles are approximately 100- to
1,000-fold, depending on the organism. A similar plot for B. prasinos is in Figure S3A.
(C) The autocorrelation function estimate for CG and CHG methylation is shown for each lag (offset) across the largest scaffold of E. huxleyi. The apparent
periodicity for both is 182 base pairs (bp). Autocorrelation function estimates for other species are in Figure S3B.and 1D; Table S1). CHGmethylation is likely mediated by a chro-
momethylase (Cmt; Figure 1C) and occurs in genes with the
same periodicity as CG methylation (Figure 3). Incorporating
both CHG and CG sites in E. huxleyi yields densely methylated
clusters more closely resembling other species that only have
periodic CGmethylation (Figure 5A). This suggests that the over-
all density of linker methylation, rather than methylation in a spe-
cific sequence context, is important for function.
The apparent importance of the density of DNA methylation in
nucleosome linkers and the reliable positioning of nucleosomes
in O. lucimarinus and M. pusilla (Figure 4) together suggest that
dense methylation may disfavor nucleosomes, contributing to
overall nucleosome positioning in vivo. To test this hypothesis,
we mapped the positions of nucleosomes assembled in vitro
using purified natively methylated O. lucimarinus genomic DNA
and recombinant core histones (Figure 5B). To isolate the effects1290 Cell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc.of DNA methylation, we also mapped the positions of nucle-
osomes assembled onto fully unmethylated O. lucimarinus
genomic DNA (Figure 5B), generated by in vitro replication. Strik-
ingly, nucleosomes assembled onto periodically methylatedDNA
are preferentially positioned over sequences that are unmethy-
lated in vivo, whereas nucleosomes assembled onto fully unme-
thylated DNA show no such preference (Figures 5C and 5D).
Nucleosomes assembled onto nativelymethylatedDNA also bet-
ter recapitulate in vivo nucleosome positions (Figure 5E). These
resultsdemonstrate thatdenseperiodicDNAmethylationcontrib-
utes directly to nucleosome positioning throughout the genome.
Dense CG Methylation Is Enabled by CG-Enriching
Genome Evolution
The high density of periodic methylation is made possible by
the frequent occurrence of CG dinucleotides, which are strongly
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Figure 4. Periodic Methylation Occurs Specifically in Nucleosome Linkers
(A) A snapshot of genomic CG methylation and nucleosomes is shown for O. lucimarinus (left) and M. pusilla (right) with the gene model below.
(B) Means at each position with respect to transcription start sites are shown for methylation and nucleosomes. Blue is fractional CG methylation. Dark gray is
center counts, and light gray is fragment fold-coverage for in vivo nucleosomes. Orange is predicted nucleosome center probabilities from a published algorithm
(Kaplan et al., 2009).
(C)Means at each positionwith respect to CGmethylation clusters are shown formethylation and nucleosomes. Colors are as in (B), and black is fragment centers
of MNase-digested O. lucimarinus naked DNA on the same scale as in vivo nucleosome centers.
(D) The autocorrelation function estimates of nucleosome center counts per base are shown for each lag (offset) across the largest scaffold/chromosome of
O. lucimarinus and M. pusilla. Apparent periodicities are indicated in base pairs (bp).
See also Figure S4.overrepresented in the genomes of A. anophagefferens,
B. prasinos, O. lucimarinus, andM. pusilla (Figure 6A). E. huxleyi
has modest enrichment of CG sites, but the additional contribu-
tion of CHG sites makes the level of cytosines that can be meth-
ylated higher than that of other periodically methylated species(Figure 6A). Enrichment of CG dinucleotides is remarkable
because CG dinucleotides are depleted relative to G+C content
in the vast majority of previously studied CG-methylated ge-
nomes (Figure S6A). For example, transitions away from methyl-
ated CG dinucleotides are greatly accelerated relative to otherCell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc. 1291
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Figure 5. Methylation Occurs at Unprecedented Densities and
Contributes to Nucleosome Positioning
(A) Shown are distributions of the density in each methylated region of base
pairs containing methylated cytosines on either strand. For each group in
Figure 1B, we selected the species with the highest densities of genomic CG
methylation (gray) to compare with periodically methylated genomes (blue).
Diatoms and C. neoformans are colored red and black, respectively. For
E. huxleyi, addition of CHG to CG sites is shown as a dashed box andwhiskers.
Boxes indicate the medians and first and third quartiles with whiskers indi-
cating the most extreme values up to 1.5 times the interquartile ranges away
from the boxes.
(B) Digestion with increasing amounts of MNase reveals nucleosomes
formed with purified recombinant histones and either natively methylated
O. lucimarinus genomic DNA or unmethylated equivalent, generated by in vitro
replication. M, 100 bp and 1 kb GeneRuler markers (Thermo).
(C–E) Nucleosome positioning data from in vitro assemblies. In (C), the number
of reads is shown for nucleosome centers assembled from natively methylated
1292 Cell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc.substitutions in primates (Cohen et al., 2011). In striking contrast,
analysisof homologousOstreococcuschromosomes reveals that
the ratesof transitionsaway fromCG (toTGandCAdinucleotides)
are decelerated throughout Ostreococcus genomes, and trans-
versions away from CG may also be slowed (Figure 6B; Table
S2). In addition, all substitution rates toward CG are accelerated.
This process of CG enrichment, which is unlike any previously
described regime of eukaryotic genome evolution, is apparent
even outside regions that are methylated (Figure S6B).
If the evolutionary process of CG sequence enrichment were
also operating in coding regions, where dense CG methylation
is located (Figures 3A, 3B, 4A, 4B, S3A, and S3C), it would be ex-
pected to frequently alter encoded proteins. This would generate
deleterious alleles that should generally be removed frompopula-
tions by negative selection, leaving the sites that least affect
encoding to accumulate CG sequences. Indeed, CG dinucleo-
tides in coding sequences are primarily in degenerate codon
positions, oftenacrossneighboringcodons (Figure 6C).However,
CG enrichment causes pronounced codon usage bias and is still
extreme enough to alter protein sequences, in particular through
high levels of CGN codons specifying arginine (Figure 6C). Thus,
the regime of sequence evolution that allows dense CG methyl-
ation tooccurhashadconsiderable impact oncodingsequences.
Periodically Methylated Genomes Are Highly
Compacted
A. anophagefferens, E. huxleyi, B. prasinos, O. lucimarinus, and
M.pusilla shareagenomearchitecturecomposedofCG-enriched
chromosomes with dense methylation of nucleosome linkers
within gene bodies, implying a function with strong evolutionary
benefit. A potential clue to this benefit is another shared feature,
small nuclei that contain among the highest average densities of
DNA known (Figure 7; Table S3). This density is comparable to
that in vertebrate nuclei composed mostly of transcriptionally
quiescent heterochromatin and approaches the physical limit of
nucleosomal DNA compaction (Leforestier and Livolant, 1997).
However, unlike vertebrate cells with compacted nuclei, these
algal cells are growing and dividing and accordingly are transcrip-
tionally active (Figure S7). Our results suggest that dense,
genome-wide linker methylation is a component of chromosome
architecture that could facilitate DNA-templated processes (e.g.,
nucleosome positioning) under tight spatial constraints.
DISCUSSION
Evolutionary Implications of an Additional Eukaryotic
CG Methyltransferase
We unexpectedly found that an uncharacterized family of
DNA methyltransferases, Dnmt5, catalyzes symmetrical CGDNA (solid dark gray line) or from unmethylated DNA (dashed light gray line).
(D) and (E) show the base-2 logarithms of the ratios of reads in the methylated
versus unmethylated assemblies (black lines), centered at log2(ratio) = 0.
In vitro nucleosome centers are aligned to methylation clusters (C and D) as in
Figure 4C or to the top genomic positions for in vivo nucleosome centers (E).
The blue lines show fractional CG methylation, and the gray bars in (E) show
in vivo nucleosome centers for comparison.
See also Figure S5.
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Figure 6. CG-Enriching Genome Evolution
(A) Cytosines in a CG context as percent of genomic bases versus G+C contents of individual genomes are plotted. The colors are as in Figure 5A, but gray
includes most species with published methylation profiles. Observed-to-expected ratios for CG content are shown as lines with values immediately right of the
plot. The addition of CHG to CG sites for E. huxleyi (#1) is an open blue circle. The complete legend is at the right.
(B) Substitution rates between Ostreococcus species were estimated using either a general reversible (R2) or a general unrestricted (U2) dinucleotide model
(Siepel and Haussler, 2004) from the noncoding sequences of aligned chromosomes (Table S2). R2 assumes that sequence evolution is time reversible but has
the advantage of fewer mathematical parameters to estimate. We show the results of both R2 and U2 models to demonstrate that they generally agree (the
dashed line shows the expectation if they had produced identical estimates). Transversions and transitions are colored gray and black, respectively. Substitutions
that lose and gain CG sites are labeled with circles and diamonds, respectively.
(C) For each of the species in Figure 5A, the frequency of CG dinucleotides as a percent of all dinucleotides in each codon frame (phase) is shown (left). ‘‘1-2’’
represents CG in the first and second positions of codons (lightest fill). These are CGN codons specifying arginine and are somewhat overrepresented in
A. anophagefferens, E. huxleyi, O. lucimarinus, and M. pusilla. ‘‘2-3’’ represents CG in the second and third positions of codons (medium fill). These codons
encode amino acids that can be encoded by other codons. The enrichment of CG in this frame causes codon usage bias, shown by the base-2 logarithms of
relative synonymous codon usages (RSCU [Sharp et al., 1986]) for each of the four NCG codons at right (lightest to darkest fill: ACG, CCG, GCG, TCG). High
log2(RSCU) values for A. anophagefferens, E. huxleyi, B. prasinos, O. lucimarinus, and M. pusilla NCG codons indicate that each of these codons is used to
encode its respective amino acidmore frequently than if codon usage were unbiased. ‘‘3-1’’ represents CG occurring across neighboring codons (center, darkest
fill), which is the only frame in which CG enrichment does not necessarily alter encoded proteins or introduce codon usage bias.
See also Figure S6 and Table S2.methylation in diverse species (Figures 1 and 2). This
discovery demonstrates that such DNA modification, con-
sidered a key mechanism for cellular inheritance of epigenetic
information, is more common than previously thought and
performed by at least two different methyltransferase familiesin eukaryotes. The presence of both Dnmt5 and Dnmt1 in
some extant fungi and the generally widespread distribution of
Dnmt5 (Figures 1B and 1C) suggest that Dnmt5 is ancient and
may have coexisted with Dnmt1 in the last eukaryotic common
ancestor.Cell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc. 1293
Figure 7. The Nuclei of Periodically Methyl-
ated Organisms Contain Genomes under
Extreme Spatial Constraints
The base-10 logarithms of genome sizes in base
pairs versus nuclear volumes in mm3 are shown for
individual species/cell types. The black line at left
shows the approximate upper limit for DNA con-
centration (200 mg ml1) in nucleosomes (Lefor-
estier and Livolant, 1997). The dashed blue lines
show the highest and lowest average DNA con-
centrations among periodically methylated nuclei,
approximately 100 and 40 mg ml1, respectively.
For reference, the dashed gray lines at right show
average DNA concentrations of 1 and 10 mg ml1.
Periodically methylated genomes are shown in
dark blue (#9, 16, 17, 20, 24, 27, and 28). Both
haploid (1N; #16) and diploid (2N; #9) E. huxleyi
cell types are shown. Open circles are for species
in which ploidy is unresolved. For example,
A. anophagefferens will be more constrained if
diploid (if 2N; #17) than if haploid (if 1N; #20). The
light blue point in the lower left is a relative of
O. lucimarinus, O. tauri (#29), for which we did not
profile DNA methylation, but for which highly ac-
curate nuclear volumemeasurements are available
(Henderson et al., 2007). The black point at lower
center is C. neoformans (#25). We did not find
published data for the nuclear volumes of diatoms.
Gray points are species/cell types with a wide
range of spatial constraints. The dark gray points at
the upper center are vertebrate nuclei that contain
mostly highly compacted heterochromatin (1, 2, 6,
and 7). References are in Table S3.
See also Figure S7.Many lineages have independently lost Dnmt1 (Zemach and
Zilberman, 2010) and Uhrf1 (Figures 1B and 1C). Our results
show that CG methylation was not necessarily lost concomi-
tantly. In such instances, the presence of Dnmt5 could have
compensated for Dnmt1/Uhrf1 loss. For example, many basid-
iomycete fungi that methylate silenced TEs (Zemach et al.,
2010) have both Dnmt1 and Dnmt5 (Iyer et al., 2011), but the
lineage leading to C. neoformans apparently lost Dnmt1 yet
still has CG methylation of silenced TEs (Figures 2A and S2B).
Conversely, the presence of Dnmt1/Uhrf1 may have compen-
sated for the loss of Dnmt5 in other lineages. Thus, the history
of eukaryotic methylation is more complex than previously
thought (Zemach and Zilberman, 2010) because there has
been evolutionary turnover of the most basic methylation
mechanisms.
We found genomic methylation in diatom TEs, corroborating
a previous report examining P. tricornutum (Veluchamy et al.,
2013). The lineage leading to diatoms diverged from plants, an-
imals, and fungi during the initial radiation of eukaryotes (Parfrey
et al., 2011). Thus, our results lend further support to the idea that1294 Cell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc.TE silencing was a root function of
methylation in eukaryotes. It is even
possible that the TE methylation in basid-
iomycete fungi (Zemach et al., 2010) that
have both Dnmt1 and Dnmt5 representsan ancestral eukaryotic state. The presence of Dnmt5 may also
explain the observation that the ascomycete fungus Uncinocar-
pus reesii has an apparently CG-specific repeat-induced point
mutation process (Zemach et al., 2010).
CG-Enriching Sequence Evolution
The genomes studied here harbor the highest CG dinucleotide
frequencies known (Figure 6A). We found that accelerated gain
and decelerated loss of CG dinucleotides (Figures 6B and S6B)
combine to drive such distinctively enriched CG content. This
process is not consistent with previously describedmechanisms
of sequence evolution (Charlesworth and Charlesworth, 2010;
Hodgkinson and Eyre-Walker, 2011) and compromises the
general assumption that genomic cytosine hypermutability
is an inevitable consequence of C5 methylation (Pfeifer, 2006;
Walsh and Xu, 2006).
Accelerated generation of CG sites may be driven by an overly
efficient repair system that erroneously creates its repair prod-
uct, as observed for very short patch repair in Escherichia coli
(Gla¨sner et al., 1995; Walsh and Xu, 2006). Efficient CG repair
would also explain decelerated loss of CG sites. The SNF2
regions of Dnmt5 proteins are related to enzymes (e.g., Rad5,
Rad16, and human HLTF and SHPRH; Figure S1B) involved in
various aspects of DNA repair (Unk et al., 2010), so it is tempting
to speculate that multifunctional Dnmt5 enzymes could directly
participate in a highly efficient CG repair system. However, any
repair mechanism envisioned likely operates in both regions
that are methylated and those that remain unmethylated (Fig-
ure S6B). One possible scenario is that the SNF2 region of
Dnmt5 acquired sequence specificity by fusion to a CG-specific
methyltransferase domain, which already could scan a genome
in search of the appropriate sequences to methylate.
Interplay of DNA Methylation and Nucleosomes
Data from O. lucimarinus andM. pusilla show exquisite genomic
exclusion of DNA methylation from the central regions of nucle-
osome cores (Figures 4A and 4C), consistent with previous re-
ports that methyltransferase activities are reduced by positioned
nucleosomes and that methylation tends to be in linkers (Felle
et al., 2011; Gowher et al., 2005; Jiang et al., 2011; Kelly
et al., 2012; Okuwaki and Verreault, 2004; Robertson et al.,
2004; Takeshima et al., 2006, 2008). Therefore, the default for
DNA methyltransferases appears to be that their activities are
reduced by nucleosomes. In the case of Dnmt3, a single amino
acid change that occurred in the evolution of mammalian
Dnmt3b is sufficient to enhance enzymatic activity on nucleo-
some cores (Shen et al., 2010). Along similar lines, we highlighted
candidate amino acids in the methyltransferase domains of
Dnmt5 proteins that could function in the opposite direction, pre-
venting Dnmt5 proteins from accessing nucleosome cores in
those species with linker methylation (Figure S5). However, it is
also possible that the SNF2 regions of Dnmt5 or additional
accessory proteins are responsible for such exquisite sensitivity
to nucleosomes.
We identified an apparently functional chromomethylase
outside of plants and green algae. Chromomethylase is targeted
by histone H3 lysine 9 methylation in plants (Du et al., 2012). This
modification is removed from plant genes, thus excluding chro-
momethylase (Huff and Zilberman, 2012; Inagaki et al., 2010), so
abundant CHG methylation in E. huxleyi genes was not antici-
pated (Figures 3A and 3B). Furthermore, CHG methylation has
a periodicity similar to CG methylation (Figure 3C), suggesting
that, in this organism, chromomethylase is blocked by nucleo-
some cores, similar to Dnmt5.
Densely methylated DNA regions are relatively rigid, which
may disfavor optimal curvature of DNA within nucleosomes
(Pennings et al., 2005; Pe´rez et al., 2012). In addition, the methyl
groups may locally alter the major and minor grooves, a situation
that appears to be especially detrimental to nucleosome stability
in cases in which CG major grooves face toward the histones
(Jimenez-Useche et al., 2013). Either or both of these effects
would disfavor nucleosomes positioned over densely methyl-
ated regions because such nucleosomes would either be unsta-
ble or fail to form in the first place. We tested this prediction
genome wide and demonstrated the ability of purified, natively
methylated DNA to provide positioning information for nucleo-
somes formed from purified recombinant histones (Figures 5C–
5E). These results should be applicable to any system withsimilar biochemical properties, such as densely methylated
regions in the human genome. More generally, we envision
that methylation affects in vivo nucleosome positioning in paral-
lel with other mechanisms, such as DNA sequence features and
ATP-dependent nucleosome remodelers (Struhl and Segal,
2013).
We propose a model wherein densely methylated DNA clus-
ters disfavor nucleosomes, on the one hand, and act in concert
with nucleosomes that block methyltransferases, on the other,
to constitute a mutually antagonistic loop contributing to the
reliable nucleosome positioning observed across populations
of cells (Figure 4). The heritable nature of symmetrical CG
methylation and its effects on nucleosomes provide a plausible
mechanism for epigenetic inheritance of nucleosome positions
in eukaryotic species.
A Previously Unappreciated Genome Architecture
Periodically methylated algae share extremely compact nuclei
(Figure 7). Extreme constraint results in special cellular require-
ments, such as a particularly compact mitotic spindle in the
smallest known free-living eukaryote, Ostreococcus tauri (Gan
et al., 2011). Analogously, dense periodic methylation could be
a key component facilitating nuclear processes at extremely
high DNA densities. For example, spacemay be saved by relying
less on bulky ATP-dependent chromatin remodelers and more
on dense DNA methylation for positioning nucleosomes. How-
ever, both an unconventional mitotic spindle and dense linker
methylation are likely adaptations to a compact nucleus, rather
than the cause of compaction. A compact nucleus is one
component of small cell size, which generally results in other
cellular properties, such as better light absorption, faster growth
rate, and lower sinking velocity (Finkel et al., 2010), all of which
may contribute to the evolutionary success of these algae.
We identified periodic methylation in multiple species from
the Mamiellophyceae (includes the prasinophytes B. prasinos,
O. lucimarinus, and M. pusilla) and Prymnesiophyceae classes.
The simplest explanation is that periodic methylation goes
back hundreds of millions of years to the respective evolutionary
radiations of these groups (Figure S4). With periodic methylation
in a third group (Figures 3A, 3B, and S3B; A. anophagefferens is
a member of the class Pelagophyceae), our data indicate either
remarkably convergent genomic evolution or retention from
common ancestors of periodic methylation in at least three clas-
ses that diverged from each othermore than a billion years ago, a
timescale comparable to the separation of plants and animals
(Figure 1B). Thus, periodic methylation and associated chromo-
somal and nuclear features constitute an ancient genome archi-
tecture that may date back to the initial eukaryotic radiation.
EXPERIMENTAL PROCEDURES
Trees
Divergence time trees were adapted largely from previous estimates (Parfrey
et al., 2011). For phylogenetic trees, amino acid sequences were aligned
and trimmed to include only the alignable portions, and long-branch wander-
ing sequences and the longest-branch paralogs from the same species
were removed. Maximum likelihood phylogenetic trees were inferred using
RAxML (v7) (Stamatakis, 2006). Additional information on tree construction
is available in the Extended Experimental Procedures.Cell 156, 1286–1297, March 13, 2014 ª2014 Elsevier Inc. 1295
Nucleic Acids and Cells
Marine algal genomic DNA, total RNA, and frozen cells were obtained
directly from the National Center for Marine Algae and Microbiota:
A. anophagefferens, CCMP1984; B. prasinos, CCMP1898; E. huxleyi,
CCMP1516; F. cylindrus, CCMP1102; I. rotunda, CCMP456; I. galbana,
CCMP1323; M. pusilla, CCMP1545; O. lucimarinus, CCMP2972;
P. tricornutum, CCMP632; Pyramimonas parkeae, CCMP725;
T. pseudonana, CCMP1335. C. neoformans var. grubii H99 wild-type (WT)
DNA (208821D) and L. major strain Seidman DNA (PRA-309D) were obtained
from ATCC. Published (Liu et al., 2008) C. neoformans var. grubii H99 control
(WT47; sxi1D) and dnmt5D (D632) strains were obtained from the Fungal
Genetics Stock Center. A live culture of C. merolae (NIES-1332) was obtained
from theMicrobial Culture Collection at the National Institute for Environmental
Studies, Japan.
Sequencing Experiments
Assaying cytosine methylation from genomic DNA by bisulfite sequencing
was performed as described previously (Ibarra et al., 2012). Total RNA was
used to prepare strand-specific sequencing libraries with the Encore Com-
plete RNA-Seq Library System I (NuGEN). Assaying nucleosome positions
in vivo byMNase sequencingwas performed bymodifying an existing protocol
(Teves and Henikoff, 2012). For in vitro nucleosome position analyses, we first
generated an unmethylated equivalent of O. lucimarinus genomic DNA by
in vitro replication with unmethylated deoxynucleotides, such that approxi-
mately 95% of the resulting DNA molecules contain entirely unmethylated
cytosines. Natively methylated O. lucimarinus genomic DNA or the unme-
thylated equivalent was assembled with purified recombinant histones into
nucleosomes by salt dilution using an EpiMark Nucleosome Assembly Kit
(New England Biolabs). Assembled nucleosome positions were mapped by
MNase sequencing, similar to the procedure for analyzing in vivo positions.
All sequencing was performed with the Illumina HiSeq 2000 or 2500 platforms.
Details are available in the Extended Experimental Procedures.
ACCESSION NUMBERS
Protein accessions and phylogenetic trees are available from TreeBASE
(Study 15142). Sequencing data have been deposited in Gene Expression
Omnibus under accession number GSE46692.
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